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2211-3797 2012 Elsevier B.V. Open access under CC BYHighly crystalline Eu3+ doped yttria nanoparticle was synthesized by hydrothermal reaction in supercrit-
ical water using a continuous ﬂow reaction system (FHT). The reactants of Y(NO3)3/Eu(NO3)3 mixed solu-
tion and KOH solution were used as starting materials and that was heated quickly up to 350–450 C
under the pressure of 30 MPa for 0.1–15 s as reaction time. The XRD results revealed that the crystal
phase of as-prepared particles was YOOH and converted into cubic-phase Y2O3 after annealing above
550 C. Primarily particle size of the YOOH was as small as less than 50 nm, keeping after annealing at
800 C. Effects of reaction time, annealing temperature and Eu doping amount on photoluminescence
were examined. The as-prepared particles exhibited red emission without annealing at high tempera-
tures whereas photoluminescent intensity at 612 nm was increased with an increase in the annealing
temperature. Photoluminescent intensity was increased with an increase in the Eu doping amount until
4 mol % and saturated at 8 mol %. The photoluminescent property was compared with reference samples
via conventional co-precipitation (CP) and batchwise hydrothermal (BHT) methods. The photolumines-
cent intensity for annealed samples increased in the order: FHT < BHT < CP owing to the increased parti-
cle size.
 2012 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Inorganic phosphors have been extensively investigated for use
in display panel applications such as plasma displays (PDs), vacuum
ﬂuorescent displays (VFDs), and ﬁeld emission displays (FEDs).
Among various oxide-based phosphors, Eu doped yttria has at-
tractedmuch attention as a good red phosphor for use in ﬂuorescent
lamps [1], FEDs [2,3] and cathode ray tube (CRT) [4–6] owing to its
excellent performance such as high quantum efﬁciency, short decay
time and good color coordinates [7]. In addition, since sulﬁde-based
red phosphors used in the traditional CRT are known to be rapidly
degraded at high current density needed in FED [8], oxide-based
phosphors have been progressed inmanyﬁelds due to their stability
at the high current density.
Eu doped Y2O3 nanoparticles have been produced by the sol–gel
route [9,10], gas-phase condensation technique [11], polyolmethod
[12], spray pyrolysis [13–15], microemulsion technique [16–18],
and hydrothermal/solvothermal methods [19–23]. Among the
above methods, the hydrothermal or solvothermal route is suitable
forpreparingﬁneanduniformpowdersofhighpurity in a single step
without requiringexpensive reagents. Recently, supercritical hydro-
thermal ﬂow reaction applied for the synthesis of phosphor-NC-ND license.nanoparticles such as YAG:(Tb, Ce) [24–28], Zn2SiO4:Mn [29],
Y2O3:Eu [30].
In this work, Eu doped Y2O3 nanoparticles were synthesized by
the supercritical hydrothermal ﬂow reaction. The reaction temper-
ature and time varied from 350 to 450 C and 0.1–15 s respectively.
The crystal phase and particle size were investigated by powder X-
ray diffractometry and transmission electron micrography. The
photoluminescent spectra of as-prepared and annealed samples
were measured. Effects of reaction time, annealing temperature
and Eu doping amount on photoluminescence were examined. In
addition, photoluminescent properties for hydrothermal ﬂow re-
acted samples were compared with those prepared by the conven-
tional coprecipitation and batchwise hydrothermal methods. The
effect on the particle size on the photoluminescence was discussed
to clarify the crystal growth behavior at the short reaction time in
view of designing the reaction system which allows the synthesis
of nanosized Eu doped Y2O3.2. Material and methods
Yttrium nitrate hexahydrate (Y(NO3)36H2O; High pure chemi-
cals Co. Ltd., 99.9%), europiumnitrate hexahydrate (Eu(NO3)36H2O;
Highpure chemicals Co. Ltd., 99.9%) andpotassiumhydroxide (KOH;
85%Wako Pure Chemicals Co. Ltd.,) were used as starting materials.
Flow reaction was carried out using a ﬂow hydrothermal reaction
Fig. 1. XRD proﬁles of Eu doped yttria nanoparticles synthesized by the hydro-
thermal reaction at various hydrothermal temperatures. (a) 350, (b) 400, and (c)
450 C.
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Y(NO3)36H2O and Eu(NO3)36H2O were dissolved into distilled
water, and the concentrations of Y and Eu were adjusted to total
concentration of 0.02 M and variation of Eu molar ratio from 0.5 to
8 mol % . The concentration of KOH was adjusted to 0.06 M. Each of
the Y/Eumixed solution and KOH solution was fed forward to a reac-
tor by high-pressure pump at a ﬂow rate of 5 g/min, and these two
streams weremixed. Deionized water was fed by another high-pres-
sure pump at a ﬂow rate of 40 g/min and heated to an appropriate
temperature by an electric furnace. The reactant mixture of Y/Eu
and KOH was mixed with the supercritical water. Temperature and
pressure of the hydrothermal reaction were set to be 300, 350,
400 C and 30MPa, respectively. After the prescribed reaction time
period, hydrothermal reaction was quenched by cooling at the end
of the reactor. The reactant solution was depressurized with a back
pressure regulator (Tescom Corporation 26-1761:200-10,000PSIG).
Particles were recovered as a slurry solution, separated with a mem-
brane ﬁlter (pore size 0.2 lm), washed with pure water, and then
dried at 60 C in an electric oven for 24 h. For the comparison, Eu
doped Y2O3 powders were also synthesized by conventional batch-
wise hydrothermal reaction and co-precipitationmethod. Batchwise
hydrothermal reaction was carried out using an autoclave type reac-
tor made from Inconel 625 (Ni–Cr alloys) with cylindrical shape (in-
ner volume of 500 cm3). The pressure in the autoclave was
measured by using a pressure transducer and indicator.
The mixture of 0.025 M (Y,Eu)NO3 and 0.075 M KOH solution
was prepared as aqueous slurry (200 cm3). The slurry was put into
the autoclave and hydrothermally treated at 350, 400, and 450 C
with autogenous pressure of 7.8, 22, and 29 MPa for 2 h. After
the reaction and cooling, autoclave was open to recover product
particles as a slurry solution, separated with a membrane ﬁlter
(pore size 0.2 lm), washed with pure water, and then dried at
60 C in an electric oven for 24 h. Co-precipitation sample of Eu-
doped Y2O3 was also prepared by adding 4.5 M NH3 aqueous solu-
tion (200 cm3) into mixed aqueous solution (500 cm3) of 0.0194 M
Y(NO3)36H2O and 0.006 M Eu(NO3)36H2O (3 mol %) with vigorous
stirring to precipitate amorphous gel. The precipitate was washed
with deionized water, dried at 60 C in an electric oven for 24 h. As
for the post-treatment, as-prepared samples were annealed at 550,
800 and 1050 for 2 h in air.
The crystal structure of the products was determined by X-ray
diffraction measurement (XRD; Rigaku Co. Ltd., Model RINT
2000). The crystallite size (L) was calculated from the peak broad-
ening of the most intense XRD peak (222) for cubic phase accord-
ing to Scherrer formula, L = 0.9kbcosh, where k is the X-ray
wavelength used and b is the half-width. Particle size and the mor-
phology of the obtained particles were examined by transmission
electron microscopy (TEM; FEI Co., Model TECNAI-G2). BET surface
area of the particles was measured by nitrogen adsorption and
desorption measurement (QUANTACHROME Co., CHEMBET 3000).
Thermogravimetric analysis was performed using a Bruker TG–
DTA simultaneous thermal analyzer (model 2000SA) at a heating
rate of 10 K/min under air ﬂow conditions to determine the water
content of as-prepared powders. The photoluminescent spectra
were measured by a Perkin–Elmer LS-50B spectrophotometer un-
der the excitation of 254 nm with a pulsed Xe lamp at room
temperature.
3. Results and discussion
3.1. Effect of hydrothermal temperature on the phase formation
Since the dehydration reaction was expected to be enhanced by
the reaction temperature for a very short period of time in supercrit-
ical water, the effect of reaction temperature on the formation of
Y2O3:Eu3+ nanoparticle was examined under a controlled ﬂow rate.Pressure and ﬂow rate in a continuous tubular reactor were ﬁxed at
30 MPa and50 g/min, respectively, and the feedwasmaintained at a
pH of 9 and Eu concentration of 8 mol %. Fig. 1 shows the XRD pat-
terns of yttria:Eu prepared at the different reaction temperatures
by the ﬂow reaction system. In all proﬁles, the strongest diffraction
peak at 2h = 29.02, peaks with medium intensity at 2h = 15.6, 22.3,
31.0, 33.2, and 40.3 can be indexed as the (110), (100), (001),
(101), (111) and (210) reﬂections of monoclinic YOOH
(JCPDF20-1413), respectively. This result differs from the observa-
tionof the formationof yttriumhydroxide in theY2O3–Eu2O3 system
in a supercritical batchwise reaction system [23] and supercritical
ﬂow reaction system regardless of the Y2O3:Eu2O3 molar ratio
[30]. Thus the XRD revealed that yttria particles were formed as
YOOHrather thanY2O3. In the ﬂowreaction system, density ofwater
can be variedwith the temperature andpressure under supercritical
conditions, which affects the dehydroxylation from metal hydrox-
ides to metal oxides. In the case of c-AlOOH, c-Al2O3 was trans-
formed at 410 C or higher through the dehydroxylation
predominated in supercritical water especially at low density of
water [31]. In contrast, dehydration reaction from YOOH to Y2O3
could not proceed at 450 C even though the density of water is
the key for the transformation from YOOH into Y2O3.
The TG–DTA curves for the as-synthesized Y2O3–Eu powder
were shown in Fig. 2. From the TG–DTA curves, two step weight
losses were observed in different temperature regions accompa-
nied endothermic peaks at 380 and 440 C in DTA curve. The ﬁrst
weight loss occurs below 300 C, which is due to the loss of ad-
sorbed water molecules associated with the particles. The second
weight loss is observed in the temperature range from 300 to
500 C corresponding to the conversion of hydroxide into oxide.
In the range from 500 to 1000 C, there is little change of weight
loss for the as prepared samples. The whole phase transition can
be expressed as follows:
Y1xEuxOOH  H2O! Y1xEuxOOH! Y1xEuxO3=2 þ 1=2H2O ð1Þ
The weight losses up to 300 C and in the range from 300 to
600 C were 4.7 and 7.4 wt%, respectively. The latter is comparable
to the estimated value for dehydroxylation from YOOH to form
Y2O3. Compared with the TG curve for c-AlOOH, TG curve for YOOH
was shifted to about 50 C at higher temperature range. Therefore,
Y2O3 cannot be readily obtained even in supercritical water since
dehydroxylation of YOOH takes place at higher hydrothermal tem-
peratures and transformation to Y2O3 completes at 500 C or high-
er under annealing conditions in air.3.2. Effect of annealing temperature on the Y2O3:Eu particles
From above results, annealing (post-heat treatment) was ap-
plied to form the Y2O3 phase. Fig. 3a and b–d show the XRD pat-
Fig. 2. TG–DTA curves for Eu doped yttria nanoparticles synthesized by the
hydrothermal reaction at 400 C.
Fig. 4. TEM images of Eu doped yttria nanoparticles synthesized by the hydrother-
mal reaction at 400 C (a) and after calcinations at 550 (b), 800 (c) and 1050 C (c).
Scale bar: 100 nm.
Fig. 5. PL spectra of Eu doped yttria nanoparticles synthesized by the hydrothermal
reaction at 400 C (a) and after calcinations at 550 (b), 800 (c) and 1050 C (c).
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800 and 1050 C for 2 h. The as-prepared sample exhibited XRD
pattern of the phase of YOOH as already shown in Fig. 1. All the an-
nealed samples showed sharp diffraction peaks which can be in-
dexed as cubic Y2O3 (JCPDS 41-1105). There is little difference
between XRD patterns of the samples annealed at 550, 800 and
1050 C. This result is supported with the thermal analysis where
little change in the TG curve is in the range from 600 to 1000 C.
However, intensity for the Y2O3 phase in the XRD proﬁle was in-
creased with the annealing temperature, suggesting that crystal-
linity and crystallite size are enhanced. The morphologies of the
samples before and after annealing at 550, 800 and 1050 C for
2 h were characterized by TEM. The TEM images of the sample pre-
pared by a supercritical ﬂow reaction system at 400 C (Fig. 4a) and
after annealing at 550 (Fig. 4b), 800 (Fig. 4c) and 1050 C (Fig. 4d)
are shown in Fig. 4. In Fig. 4a, the lattice fringes were clearly ob-
served, the lattice spacing in the particle can be determined to be
0.3 nm, which corresponds to the (110) plane of the monoclinic
phase of YOOH, suggesting that as-prepared sample is highly crys-
talline. It can be seen from the micrographs (Fig. 4a–c) that the par-
ticles are in the range of several nm to 50 nm and particle size did
not change during the annealing process up to 800 C. However,
particles become larger after annealing at 1050 C, suggesting that
agglomerated particles are sintered. TEM results were supported
with the speciﬁc surface area (SSA) and crystallite size for HT-f-l
sample in Table 1, where the SSA values were gradually decreased
up to 800 C, then dropped at 1050 C to less than half of those forFig. 3. XRD proﬁles of Eu doped yttria nanoparticles synthesized by the hydro-
thermal reaction at 400 C (a) and after calcinations at 550 (b), 800 (c) and 1050 C
(d).as synthesized samples as well as crystallite size gradually in-
creased up to 800 C, then enlarged at 1050 C.3.3. Effect of annealing temperature on the photoluminescence of
Y2O3:Eu
The photoluminescent spectra of Y2O3:Eu3+ nanoparticles syn-
thesized by a supercritical ﬂow reaction system at 400 C (a) and
followed by annealing at 550 (b), 800 (c), and 1050 C (d) are
shown in Fig. 5. The as-prepared sample showed broad peaks at
617 and 625 nm. The peak at 625 nm can be attributable to the
5D0? 7F2 emission for the monoclinic Y2O3 phase [32]. As men-
tioned above, YOOH has the monoclinic with space group P21/
m(11). With annealing at 550 C, the cubic crystals are formed.
All annealed samples exhibited emission at 612 nm corresponded
to red emission due to 5D0? 7F2 transition under the excitation
at 254 nm. Cubic Y2O3 crystallizes in the C bixybite structure
where Y3+ ions in the unit cell occupy 24 sites with point symmetry
C2 and eight sites with C3i. Eu3+ also occupies two types of sites (C2
Table 1
Lattice constant, crystallite size, BET surface area and weight loss of Y2O3:Eu
nanoparticles.
Sample a (Å)a D (nm)b SSA (m2/g)c TG (wt%)d
HT-f-s – 9.2⁄ 107.4 24.02
HT-f-s (550) 10.647 12.1 59.2 2.53
HT-f-s (800) 10.630 15.4 56.5 0.25
HT-f-s (1050) 10.623 26.2 28.4 –
HT-f-l 24.0⁄ 45.9 12.1
HT-f-l (550) 10.616 20.4 42.9 1.20
HT-f-l (800) 10.596 21.6 41.9 0.46
HT-f-l (1050) 10.610 27.4 23.5 –
HT-b – 40.5⁄ 10.3 18.48
HT-b (550) 10.635 23.0 9.3 0.88
HT-b (800) 10.627 26.3 9.8 0.25
HT-b (1050) 10.588 27.0 7.6 –
Copre – 23.0 35.30
Copre (550) 10.586 14.5 5.8 25.05
Copre (800) 10.611 21.4 1.9 10.87
Copre (1050) 10.603 35.5 <1 –
HT-f-s: hydrothermal ﬂow reaction with 0.1 s, HT-f-l: hydrothermal ﬂow reaction
with 15 s, HT-b: hydrothermal batch reaction with 2 h, Copre: coprecipitation
method.
a Calculated from the XRD patterns as cubic Y2O3 (JCPDS 41-1105).
b Calculated from the XRD diffraction peak (110)⁄ of YOOH and (222) of Y2O3
using the Scherer equation. L = 0.9kbcosh, where k is the X-ray wavelength used and
b is the half-width.
c Calculated from nitrogen adsorption isotherms using the BET equation.
d Measured by TG–DTA technique.
Fig. 6. The relation between PL intensity of the Eu doped yttria sample after
calcined at 550 C and Eu doping amount.
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vators at C2 sites. Because the ratio of C2 and C3i is 3:1 in cubic
Y2O3, the emission corresponding to 5D0? 7F2 transition at
610 nm becomes dominant, whereas the other sets of emission
were suppressed. Photoluminescent intensity increased with the
annealing temperature at 550 C, once decreased at 800 C, in-
creased again and eventually reached to the maximum at
1050 C. This trend was observed in the previous report where
the ﬂuorescence intensity reduced as the annealing temperature
was increased beyond 500 C and up to 1000 C followed by a sud-
den increase in PL intensity that was then observed for the samples
at 1200 C [30]. The slight reduction of PL intensity of the samples
annealed at 800 C corresponds to the onset of atom mobility for
all samples and may be associated with minor adjustments of stoi-
chiometry as the oxide begins to equilibrate with ambient pO2.Fig. 7. The relation between PL intensity of the Eu doped yttria samples and
calcinations temperature. (s): FHT sample with 0.1 s, (4): FHT sample with 14 s,
(h): BHT sample with 2 h, (d): coprecipitation sample.3.4. Effect of the Eu doping amount on the photoluminescence of
Y2O3:Eu
To study the effect of Eu doping amount on the Y2O3:Eu phos-
phor, different Eu concentrations with atomic percentages in the
range of 0.5–8 mol % were applied to the phosphor synthetic
experiments at a pH of 9. Fig. 6 shows the emission intensity at
610 nm by transition of Y2O3 and Eu3+ under the excitation of
254 nm UV light as a function of Eu doping amount for the samples
annealed at 550 C. Emission intensity increased with the Eu con-
centration in the feed up to 4 mol % and saturated at 8 mol %. The
emission intensity is related to the concentration of Eu3+ activator.
It is well known that ﬂuorescence quenching is observed at 6–
8 mol % for the phosphors prepared by the conventional solid state
reaction, which induced from the energy transfer or electron trans-
fer process between two nearest excited Eu3+ and dominates over
the spontaneous emission process [18]. In the present study, there
was no quenching in the range of Eu doping up to 8 mol %, which is
attributable to a reduced energy-transfer rate due to interface ef-
fect of nanoscale materials. Less energy can migrate to the quench-
ing sites, suggesting that the close proximity of the surface does
not introduce a large number of surface quenching defects.3.5. Comparison with batchwise and co-precipitation products
Since the samples synthesized by batchwise hydrothermal
method at 400 and 450 C did not emit appreciably presumably
due to the contamination of the corrosion from the reactor tube,
the sample hydrothermally synthesized at 350 C was applied for
the comparison. Table 1 summaries lattice constant, crystallite size,
BET surface area, and TG–DTA data for the samples by the hydro-
thermal ﬂow reaction for 0.1 or 15 s, the sample by the batchwise
hydrothermal reaction for 2 h and the coprecipitated sample. Lat-
tice constant for the cubic phase tends to decrease as the reaction
time increases. Crystallite size increases with an increase in the
annealing temperature and jumped at 1050 C due to sintering as
already mentioned. The BET surface area supports this trend where
remarkable reduction took place at 1050 C. Weight losses revealed
that adsorbed water and hydroxyl groups are removed until 550 C
as alreadymentioned. The BET surface areas and weight losses tend
to decrease with an increase in the crystallite size. Crystallite size of
the annealed samples increased with the order: the sample by the
hydrothermal ﬂow reaction for 0.1 s < the sample by the hydrother-
mal ﬂow reaction for 15s < the sample by the batchwise hydrother-
mal reaction for 2 h < the coprecipitated sample. Fig. 7 shows the
annealing temperature dependence on the emission intensity for
the samples by the hydrothermal ﬂow reaction for 0.1 or 15 s, the
sample by the batchwise hydrothermal reaction for 2 h, and the
co-precipitation sample. The emission intensity for the sample
hydrothermally synthesized for 0.1 s was proportionally increased
with an increase in the annealing temperature, whereas the inten-
sity depression was observed at 800 C for the other samples as
mentioned in Fig. 5. Lin et al. reported that the 3 mol % Eu3+ sample
heated at 1200 C gave the most intense ﬂuorescence, whereas an
identical nanocrystal precursor annealed at only 500 C was the
brightest phosphor under illumination of the samples annealed at
or below 1000 C[30]. However, the lack of strong ﬂuorescence in
the as-preparedmaterials is due to the materials being Y(OH)3:Eu3+
which does not ﬂuoresce appreciably.
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sion intensity for as prepared samples without annealing increases
with the reaction time. The as-synthesized samples for the reaction
time for 15 s and 2 h exhibited 58% and 71% in the emission inten-
sity for the annealed samples at 1050 C, respectively. It is note-
worthy that hydrothermally synthesized samples for 15 s and 2 h
exhibit appreciable emission without annealing, whereas the red
shift emission was observed. Intensity for the annealed samples
at 1050 C for the hydrothermally synthesized sample with reac-
tion time of 2 h is similar to that for the co-precipitated sample.
In the TEM images of the co-precipitated sample and hydrother-
mally synthesized sample with the reaction time of 2 h (Support-
ing Information Figs. S1 and S2), the former sample exhibits
transparent thin form with large particle and transformed into
dense form after sintering at 1050 C, whereas the latter sample
showed a large rod-like structure with over 100 nm in width and
did not expand the size after sintering at 1050 C. As in Fig. S2
for the hydrothermal synthesis with long reaction time, as-pre-
pared particles exhibited rod shape morphology with diameter size
nearly about several hundred nm. Since ﬂow reaction was carried
out in the duration of seconds order, crystal growth in the rod axis
direction can be depressed, thus, round-like particles were pro-
duced in the ﬂow reaction system. Therefore, larger particle size
is the key role to the enhanced photoluminescent intensity.
4. Conclusions
Europium doped Y2O3 nanoparticles were successfully achieved
by the supercritical ﬂow reaction system. As prepared sample was
monoclinic YOOH and transformed into cubic Y2O3 after annealing
at 550 C or higher. Particle size was 50 nm or lower after anneal-
ing up to 800 C. Photoluminescent intensity increased with an in-
crease in the annealing temperature whereas red emission was
observed in the spectra for the as-prepared samples owing to the
highly crystalline nature. Photoluminescent intensity for the sam-
ples prepared in supercritical water increased with increasing the
reaction time owing to the increased particle size.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.rinp.2012.06.002.References
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